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ABSTRACT

Water treatment is a very important process for producing potable water safe for human
consumption. A major step in water treatment is disinfecting it to remove water-borne
pathogens to minimize the risk of diseases or infection. Although many chemical and
physical methods exist, there is an increase in the use of UV radiation for water
disinfection due to its advantages over traditional chemical disinfection methods like
chlorination and ozonation.

The document will elaborate on the mechanism of UV disinfection and the pretreatments
required. Discuss the chemical treatment methods and compare them to UV disinfection.
Consider sources of UV radiation, UV system configuration and the method for reactor
validation. State the limitation of UV disinfection and provincial discharge limits and
regulation for the Disinfection method.
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1.0. Introduction to UV Disinfection of Drinking Water
Water is one of the most valuable resources on Earth, it is essential for most
biological functions and the overall survival of all living organisms. Given that there
is only a finite amount of clean and potable water, the processes that treat and
reclaim water are a very important part of ensuring the health and wellbeing of our
communities. Water from natural sources is treated with chemical and physical
methods to produce potable water by removing contaminants like toxic chemicals,
bacteria and viruses to meet health and safety standards for consumption. In most
countries, lakes and rivers are used to obtain the water to be treated for our
utilization.
Although water-borne pathogens are more prevalent in developing countries,
developed countries have also experienced outbreaks of gastrointestinal illnesses
caused by water-borne pathogens present in water bodies, such as E. coli,
Cryptosporidium parvum, Shigella spp, Giardia lamblia and Legionella.

1

Hence

the proper disinfection of drinking water is crucial to eliminate the risk of pathogenic
outbreaks and ensure the delivery of potable water in our homes. To protect public
health, authorities like The United States Environmental Protection Agency (U.S.
EPA), have designated microbial standards for drinking water by establishing
Maximum Contaminant Level (MCL) values based on microorganisms like
Cryptosporidium, Giardia lamblia, E. coli and Total Coliforms. 1

Since E. coli and fecal coliforms are easily measured in water and their detection
indicates fecal contamination, both have been used as indicator organisms to

1

evaluate the quality of drinking water. The U.S. EPA requires routine testing of
drinking water for E. coli and Total Coliforms to detect if the water has been
contaminated with human or animal feces and presents an MCL violation.1
According to U.S. EPA standards, all tests must show a negative result (no
detection) for E. coli and Total Coliforms; therefore, the analysis of E. coli is an
appropriate and realistic method to test and prove the effectiveness of a UV
disinfection system. 1

The treatment of drinking water involves many processes but the use of UV
radiation for water disinfection has increased dramatically in the last 30 years,
mainly because of the ease of use, features no risk of overdosing and its
effectiveness against pathogens like Cryptosporidium and Giardia that are not
susceptible to traditional disinfection methods, such as chlorination. Similar to
ozonation, UV is highly effective for inactivating a wide range of pathogens, but
there is a risk of reactivation due to exposure to visible light or the ability of certain
microorganisms to use enzymatic mechanisms to repair the damage in its DNA or
RNA. Therefore, to comply with Health Canada standards, an additional
disinfectant must be added to supply a residual disinfectant, i.e. a substance that
remains in the treated water and ensures the pathogens remain inactivated, such
as chlorine or chloramine.

2

2.0. Common Pretreatments of Drinking Water
Physical and chemical water pretreatment methods are used to overcome the
limitations of UV treatment of water. Water sourced from lakes and rivers usually
has suspended solids and dissolved matter. The suspended solids would increase
the turbidity causing scattering and the penetration of the UV light would be
ineffective. Dissolved organic and inorganic particles may also absorb UV radiation
and decrease the disinfection capability.

2.1.

Physical Methods
2.1.1.

Screening

Screening is done to remove suspended particulate matter which could damage
the pumps or clog the pipes. Screen sizes can vary from 35 mm to 0.5 mm and be
used to remove bottles or twigs to sand grains based on the composition and type
of solids present in the influent. Fine screens are only used for influent with a
minimal amount of suspended solids as it causes a significant head loss.

1
𝑄 2
𝐻𝐿 =
(
)
2𝑔 𝐶 ⋅ 𝐴𝑒
Where,

HL = Head loss (m, ft)

C = Discharge coefficient (0.61 for clean screens)
Q = Volumetric flow rate (m3/s, ft3/s)
g = Acceleration due to gravity (9.81 m/s2, 32.2 ft/s2)
3

2

Ae = Submerged area of the screen (m2, ft2)

2.1.2.

Coarse Solids Reduction

This step involves grinding or pulverizing the solids in the influent. It could be used
in place of or in combination with screening. The process usually uses an in line
grinder called comminutors which also helps protect the downstream equipment
from any potential damage. In the case where the effluent has a high suspended
solid content, comminutors are placed before a self-cleaning screen which makes
the process more reliable and efficient.

2.1.3.

Grit Removal

The particles like sand, gravel, coffee grinds etc. which passed through the screens
and the comminutors are removed by centrifugal vortex or clarifying. The vortex
method is used to separate the solids from the influent based on the difference in
density and the clarifiers are large settling tanks that allow the solids to settle to
the bottom. It is hard to pump solids so the grit is removed as a slurry with 35% to
80% solids by weight. 2
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2.2.

Chemical Methods
2.2.1.

Coagulation

The process uses chemicals to reduce the repulsive forces between the particles
and allow them to coalesce and form bulky particles. The particles in the influent
remain suspended due to the surface charge on the particles and the coagulants
destabilize the particles and allow the particles to merge. Common coagulants
used include
•

Aluminum sulphate (Alum)

•

Ferric chloride

•

Ferric sulphate

•

Cationic polymer

Figure 1 - Jar test with varying concentrations of coagulant added to the samples.

5

3

The type and the amount of coagulant required depends on the type and
concentration of the contaminants, the pH and the hardness of the influent. Jar
tests, as observed in Figure 1, are the most common method used to determine
the optimal type and the chemical dose of coagulant necessary for the influent.

2.2.2.

2

Flocculation

Figure 2 - Floc formed by the addition of coagulant and flocculant in the influent stream. 4

Flocculation is a process used to increase the association of small particles in the
influent. Flocculation could occur due to agitation or the use of flocculation aids

6

called flocculants to form the bulky particles which would separate from the liquid
influent. Some commonly used flocculants are,
•

Anionic or non-ionic polymers

•

Cationic polymers

•

Activated silica

•

Bentonite clay

Flocculants can be added immediately or up to 20 minutes after the addition of
coagulants to aid the floc (larger, denser particles) formation. The type and the
concentration of flocculant required depends on the type of coagulant and its
chemical dose. 2
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3.0. UV Radiation
UV radiation spans from 100 to 380 nm in the electromagnetic spectrum and is
higher in energy than visible light which is 380 to 760 nm. UV radiation between
200 to 300 nm is most suitable for disinfection as it causes a photochemical
reaction between adjacent bases in the DNA or the RNA structure.

5

As a result,

the microorganism loses the ability to replicate; therefore, it cannot infect and
cause disease. By evolution, some microbes have developed two types of
enzymatic mechanisms to repair DNA or RNA damage to survive: dark reactivation
and photoreactivation. 5

The efficiency of UV disinfection depends on factors like radiation intensity,
retention or contact time and transmission, as well as microbe susceptibility to UV
damage. Each of these factors is dependent on the source of UV radiation and the
type of disinfection system built and are taken into consideration to calculate a UV
dosage, which is different for each type of microorganism. UV dosage is important
to ensure the disinfection of the water is complete and microbes are not able to
reactivate if exposed to visible light.

3.1.

Fundamentals of Photochemistry

Light is a form of electromagnetic energy that behaves as both a wave and a
particle. Light has frequency and wavelength, but also travels in the form of small
pieces of energy called photons.5 The electromagnetic spectrum is divided
8

according to the wavelength of the radiation, short wavelengths transmit more
energy than long wavelengths. However, wavelengths shorter than 230 nm deliver
such high energy that they are not viable for disinfection since the water itself
strongly absorbs the light and the number of photons available for microbial
inactivation decreases making the disinfection less effective.

5

Visible light

(between 380 and 760 nm) provides enough energy for photosynthesis to take
place; on the other hand, very few photochemical reactions occur in the presence
of near-infrared light (from 700 to 1000 nm) because infrared photons do not
provide enough energy to cause a chemical change when it is absorbed by a
molecule. Therefore, it has been concluded that the range of radiation between
200 and 300 nm is the most suitable for disinfection, which is within the ultraviolet
light range. 5

3.1.1.

Laws of Photochemistry

The three laws of photochemistry explain these concepts and provide a foundation
to understand the mechanisms of all photochemical reactions. The first law, also
known as the Grotthus-Draper law, states that “only the light which is absorbed by
a molecule can be effective in producing a photochemical change in the
molecule” 6, meaning that light must be absorbed by a chemical substance for a
photochemical reaction to take place. The second law is the Stark-Einstein Law of
Photochemical Equivalence and it explains that for each photon of light absorbed
by a chemical system, only one molecule is activated for a photochemical
9

reaction.

6

Meaning that the total amount of photoreaction that occurs is directly

proportional to the number of absorbed photons and exposure time. This law is the
foundation of the efficiency of a UV disinfection system because by controlling the
intensity of the UV source and retention time, the inactivation of the microbes can
be maximized. The third law states that the energy of an absorbed photon must be
equal to or greater than the weakest bond in the molecule. 6 The energy supplied
must be equal to or exceed the energy required to break or form a bond in the
target molecule to cause an energetic transition from ground state to an excited
state and for the molecule to undergo a chemical transformation when it returns to
ground state. This concept is applied to the breakage and formation of bonds
between DNA thymine bases which is the fundamental concept of the mechanism
for UV disinfection.

3.2.

Inactivation Mechanisms

DNA is a polymer of nucleotides in a double-stranded helix linked by a sequence
of four constituent bases: adenine, cytosine, guanine and thymine. Each strand
has a unique sequence of nucleotides which form A−T and C−G pairs with the
nucleotides of the other strand and are held together by hydrogen bonds. After
being exposed to UV radiation, DNA experiences a photochemical reaction that
results in a deformation of the helical structure of DNA.

10

Figure 3. Photochemical dimerization of two thymine bases after UV radiation exposure .7

As observed in Figure 3, when UV photons are absorbed by DNA, two bonds within
two adjacent thymine bases are created and form a thymine dimer. This
dimerization reaction causes the inactivation of the microorganism because the
DNA structure is disrupted and it cannot be replicated. In organisms that have RNA
instead of DNA, dimerization happens with two uracil bases. 8

The first-order formula by Chick-Watson is used to describe the inactivation of
certain microorganisms, as follows: 9
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𝑙𝑜𝑔 (

Where,

𝑁𝑜
)=𝐾∙𝐷
𝑁

No = Number of colonies before disinfection (CFU/mL)

N = Number of colonies after disinfection (CFU/mL)
K = Inactivation Rate Constant (cm2/mJ)
D = UV Dose (mJ/cm2)

The inactivation rate constant (K) is specific to each pathogen because it describes
the UV sensitivity of the organism, which is based on the genetic material (single
or double-stranded) of the organism and its biological anti-UV capability. 8 A high
K value refers to a UV-sensitive pathogen that does not require a high UV dose for
its inactivation. Multiple studies have conducted experiments at different
wavelengths to determine and tabulate K values for common pathogens.
Generally, to determine UV sensitivity (K values) the experiments performed are
Collimated beam tests where a sample in a petri dish is exposed to UV light in a
collimated beam apparatus; then, the concentration of viable organisms after
exposure is determined in a laboratory.

8

The data collected indicates how

susceptible the microorganism is to the effects of UV radiation and sensitivity can
be calculated. For example, the K value for E. Coli at 254 nm was determined to
be 0.506 cm2/mJ. 10
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3.2.1.

UV Dose

UV disinfection efficiency depends on the UV dose supplied, which can be
theoretically calculated with the equation, 8

𝐷 = 𝐼𝑎𝑣𝑔 𝑡
Where,

Iavg = Average intensity (mW/cm2)

t = Exposure time (s)
D = UV dose (mJ/cm2)

Exposure time is directly proportional to the inactivation of microbes, high exposure
times result in high inactivation. By controlling the UV exposure time, the UV dose
can be changed and adjusted to satisfy the minimum dose for different
microorganisms. For example, in a continuous process, the flow rate of water is
directly related to the exposure time since slower flow rates translate into greater
exposure times. By regulating this parameter, a UV disinfection system can be
adjusted to meet the required dose for a wide variety of pathogens.

In certain types of UV lamps, another parameter that can be controlled to
obtain the desired UV dose is lamp intensity. The time-dose reciprocity law
(Bunsen-Roscoe law) states that the disinfection efficiency is proportional to UV
intensity regardless of the UV dose. However, there has been found that certain
microorganisms deviate from the expected results based on the Bunsen-Roscoe
law.

6

Experimental data showed that E. Coli inactivation increased at higher UV
13

intensities and short exposure times, compared to low UV intensity and long
exposure times at the same UV dose or fluence rate. The deviation from the
Bunsen-Roscoe law is attributed to the fact that the inactivation of microbes also
depends on its specific biological processes and the effect of the intensity of the
radiation on the repair enzymes of the microbe.

6

For example, in contrast to the

effect of high intensities on E. Coli, yeast strains showed the opposite results where
the enzymatic damage was higher at lower intensities and long exposure times.

6

Due to the importance of E. coli monitoring for public health, authorities in Canada
and the U.S. have established effective UV dose ranges for E. coli and other
representative protozoa and viruses for comparison. In general, bacteria and
protozoa require comparable UV doses, whereas viruses especially adenoviruses
are much more resistant and require higher doses to achieve the same level of
inactivation. Table 1 displays approximate ranges of UV doses indicated by Health
Canada and the U.S. EPA for pathogens relevant to drinking water treatments.

11

Table 1 - UV dosage required for different log removal of various microorganisms.

Log inactivation

E. coli

Cryptosporidium Adenovirus Rotavirus Giardia

1

1.5 – 5

2.5

10 – 76

7.1 – 10

2.1

2

2.8 – 9

5.8

26 – 137

14.8 – 26

5.2

3

4.1 – 14

12

39 – 199

23 – 44

11

4

5.0 – 18

22

51 – 261

36 – 61

22

14

3.3.

Reactivation Mechanisms

By evolution, microbes have developed defense mechanisms to counteract the
lethal effects of UV radiation in their genetic material. There are two enzymatic
processes that bacteria use to repair DNA or RNA damage to survive called dark
reactivation and photoreactivation. In Figure 4, both reactivations are summarized
and described in a simple diagram to compare the mechanisms and the specific
enzymes that participate in each process.

Figure 4 - Processes occurring during photo and dark reactivation.

15
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3.3.1.

Dark Reactivation

Dark reactivation is an enzymatic process that does not require light and consists
of the replacement of damaged nucleotides by synthesizing the corresponding
sequence, resulting in the microbe regaining its ability to replicate and infect. 8

3.3.2.

Photoreactivation

Photoreactivation is a mechanism that uses the energy obtained from visible light
to activate the enzyme Photolyase which splits the thymine dimers created during
UV exposure and restores the original sequence of its genetic material. 8

To quantify the effect of photoreactivation after completing the disinfection
process, the percentage photoreactivation can be calculated with the equation, 9

% 𝑃𝑅 =

Where,

𝑁𝑡 − 𝑁
× 100%
𝑁0 − 𝑁

No = Number of cells before disinfection (CFU/mL)

N = Number of cells immediately after disinfection (CFU/mL)

Nt = Number of cells after reactivation for a period of time (CFU/mL)

Photoreactivation is induced by visible light, which can be an issue if the water is
discharged to a lake or river because the microorganism would regain its ability to
infect, and the UV disinfection would not be successful. However, experimental
data have shown that water treatment operations that deliver a minimum UV dose
of 40 mJ/cm2 accompanied with disinfectant residual (such as chlorination) inhibit
16

the repair of UV-induced damage of E. coli, and reactivation is not a public health
concern under those conditions. 11
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4.0. UV Radiation Sources
There are many types of UV lamps and most of them generate radiation by exciting
the atom of a species that emits radiation in the UV range as it returns to the ground
state. A few of the options available are:
•

Mercury vapour lamps

•

Metal halide lamps

•

Xenon lamps

•

Eximer lamps

•

UV lasers

Mercury vapour lamps are the most commonly used lamps for large-scale drinking
water disinfection purposes as they are older, well-researched technology and are
available in a wide variety to suit specific needs. They are usually encased in
quartz sleeves to prevent direct contact with water and quartz is used as it is
transparent to UV radiation. The other lamps are used in other fields like hand-held
UV disinfection wands as they are a newer technology that is still under
development. They have a lower germicidal output/input ratio compared to the
mercury vapour lamps, higher running costs and are yet to be validated to use in
drinking water disinfection. 13

The mercury vapour lamps are available in low-pressure (LP) lamps,
low-pressure high-output (LPHO) lamps also called amalgam lamps and
medium-pressure (MP) lamps.

18

4.1.

Low-Pressure (LP) Lamps

Low-pressure lamps are older versions of mercury vapour lamps that have a
monochromatic output at 254 nm. This lamp has the lowest power consumption at
40−100 W with the highest germicidal output/input ratio of 30−40 %. It operates at
an internal lamp pressure of 0.007 torr and a temperature of 35−50 °C. It is very
difficult to maintain a constant mercury vapour pressure in these lamps and the
mercury vapour is at equilibrium with liquid mercury in a small reservoir. The
vapour phase depends on the ambient temperature of the lamp and a decrease in
temperature would cause a decrease in the mercury vapour which would reduce
the output of the lamp. The lamp should be maintained at close to 40 °C for optimal
performance and the vapour pressure of mercury can be increased slightly by
increasing the power supplied to the lamp but too much power could burn out the
lamp. It is mostly used in smaller water systems that require less power to operate.
It can also be used in large open-channel systems or smaller closed-vessel
systems but the temperature of the water running through the system should be
monitored. 8

4.2.

Low-Pressure High-Output (LPHO) Lamps

Low-pressure high-output or amalgam lamps are a modified version of the
low-pressure lamps which uses other metals to create an amalgam with mercury
to control the vapour pressure of mercury. This amalgam formation allows the lamp
to run at a higher power which increases the lamp output compared to an LP lamp
19

of the same size. Supplying more power to the lamp frees the mercury from the
amalgam and increases the vapour pressure of mercury in the lamp. It also has a
monochromatic output at 254 nm but has a lower germicidal output/input of
25−35% and a higher power requirement of 200−500 W. It operates at an internal
pressure of 0.01−0.8 torr and a temperature of 60−100 °C. LPHO lamps are slowly
replacing the LP lamps as one LPHO lamp can produce the same output of
2 to 4 LP lamps depending on the operating parameters of both the lamps. As this
lamp runs at a higher temperature, it is not affected by the temperature of the water
in the system and has the same output in cold water.

4.3.

8

Medium-Pressure (MP) Lamps

Medium pressure lamps are the newest type of mercury vapour lamps that operate
at high power of 1000−10000 W to produce a very intense, polychromatic output
between the range of 200−300 nm. The high power causes all the mercury in the
lamp to vaporize which leads to a high internal pressure of 100−10000 torr and
temperatures up to 600−900°C. It has a low germicidal output/input ratio of
10−15%. This lamp is not affected by the water temperature and it is so intense
that one MP lamp produces the same germicidal output as 50 to 100 LP lamps.
This advantage can be used to make the disinfection systems smaller and still
process the same amount of water or use a regular system and process higher
amounts of water. They are commonly used in pressurized closed-vessel systems
and or open-channel systems built to process a very large volume of water.
20

8

5.0. UV System Configurations
Lamps are only a small part of the large-scale UV disinfection process. The design
of the UV disinfection system also plays a very vital role. The two common types
of system design are:
•

Open-channel system

•

Closed-vessel system

The choice of the disinfection system design and the type of lamp is based on the
desired operating parameter like the feed pressure and the volume of drinking
water processed per day and the energy requirement for the process.

5.1.

Open-Channel System

An open-channel system is a large trough or channel of water flowing at a low flow
rate. Each channel could have two to three UV banks (large racks of UV lamps
encased in quartz sleeves) depending on the volume of the channel. The number
of lamps per bank and the distance between each lamp depends on the type of
lamp used. The banks could be in-line, vertical or horizontal to the flow based on
the operating parameter of the lamp and the UV dosage required. Open-channel
systems usually operate at a low flow rate and low output lamps need higher
retention times compared to MP lamps and consume less energy so, LP and LPHO
lamps are usually used in such systems. 8

Fouling can decrease the efficiency of the system so the quartz sleeves on the UV
banks need to be cleaned periodically. The UV banks could have an automated
21

wiper attached to the quartz tubes which can clean the sleeves in between the
process or the banks need to be removed or raised from the flow channel and
cleaned manually.

Figure 5 - Open channel systems with different configurations of UV banks. 8

The advantage of this system is it has a low running cost as it uses LP or LPHO
lamps which do not require a lot of power. The water flows at a low pressure which
can be due to an inclined channel or low power pump which also has a low
operating cost. But as shown in Figure 5, this type of system takes up a lot of space
which would be a disadvantage. The system can also be modified by replacing the
low-pressure lamps with MP lamps and increasing the flow rate of the system by
upgrading to a bigger pump and process a very large volume of water but at the
price of added operating cost. 8

22

5.2.

Closed-Vessel System

A closed-vessel system is a medium to high water pressure system which usually
uses MP lamps as the source of UV. Due to the high-intensity output of the MP
lamps, the retention time needed for the water is less so a high volume of water
can be processed due to the high flow rate. The lamp can be perpendicular or inline to the flow depending on the output and the UV dosage required. Fouling on
the lamp is prevented by equipping automated wipers to clean the quartz sleeves
and maintain optimal performance. 8

Figure 6 - Closed channel system with different configurations of UV lamps. 8

23

The advantage of this system is that it does not require a lot of space and can
process a large amount of water, but it requires a higher operating cost due to
bigger pumps for high flow rate MP lamps which consume a lot of power. The
system is modified by adding a small LP or LPHO lamp, in line with the flow in a
small reactor which can be used in small-scale applications like household water
purification systems. These systems do not need a high flow rate or high UV
dosage so these smaller vessels are very effective and useful.

24

6.0. Alternate Disinfection Methods
UV disinfection is a relatively new physical water treatment method and it can
replace or be used in conjunction with traditional chemical methods. Many
methods like ozonation, pasteurization, chlorination, bromination, ferrate
treatment, electron beam and solar irradiation are being used to treat water in large
amounts. But chlorination and ozonation are the most widely used chemical
disinfection method because they are very soluble in water and help deodorize the
influent. They are very effective against E. coli and coliform bacteria which are the
indicator organisms used in most water treatment facilities. In contrast to UV
disinfection which works by altering the genetic material of the microbe, both
chemical methods induce cell lysis by oxidizing the cell membrane of the microbe
leading to its rupture and leakage of cellular content.

The concentration of the chemical disinfectant in the influent depends on the
effectiveness of the chemical for a particular microbe and the desired degree of
removal and can be written as: 8

𝑙𝑜𝑔

Where ,

𝑁𝑡
= −Λ𝐶 𝑛 𝑡
𝑁0

Nt = Number of microbes remaining at time t

N0 = Number of microbes before disinfection
Λ = Coefficient of lethality against a specific microbe

C = Concentration of disinfectant (mg/L)
25

t = Time

n = Dilution constant

6.1.

Chlorination

Chlorination is the most common chemical disinfection method due to its high
germicidal capability. Chlorination was first used in 1897 where bleach was added
to the water supply in Maidstone, Kent, UK.

14

Currently compounds like chlorine

gas [Cl2], sodium hypochlorite [NaOCl], chlorine dioxide [ClO2] or calcium
hypochlorite [Ca(OCl)2] are used which react with the water to produce free
chlorine (Cl− or OCl−).
𝐶𝑙2 + 𝐻2 𝑂 → 𝐻𝑂𝐶𝑙 + 𝐻 + + 𝐶𝑙 −
𝑁𝑎𝑂𝐶𝑙 + 𝐻2 𝑂 → 𝐻𝑂𝐶𝑙 + 𝑁𝑎𝑂𝐻
𝐶𝑎(𝑂𝐶𝑙)2 + 2 𝐻2 𝑂 → 2 𝐻𝑂𝐶𝑙 + 𝐶𝑎(𝑂𝐻)2

𝐻𝑂𝐶𝑙 → 𝐻 + + 𝑂𝐶𝑙−

The free chlorine reacts with the components in the microbial cell wall and causes
it to rupture leading to cell lysis. The process leaves residual chlorine in the effluent
which maintains a certain level of germicidal ability after the process. Chlorination
is very effective against bacteria, protozoa and ClO2 is highly effective against
microbes with high resistivity like viruses.
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The use of chlorination has numerous advantages but its use is highly regulated
as it can react with the organic molecules in the effluent and form chlorinated
aromatic compounds which are carcinogenic to human beings. Chlorination is not
effective against Cryptosporidium and Giardia which are also common microbes
in water. Chlorine gas is highly toxic requires stringent containment and
neutralization protocol in case of a leak. A high quantity of residual chlorine can be
toxic to the aquatic species and requires dichlorination using activated carbon or
sulfonated compounds like sulphur dioxide [SO2], sodium sulphite [Na2SO3] and
calcium thiosulphate [CaS2O3] to reduce the amount of chlorine in the effluent.

6.2.

8

Ozonation

Ozonation is a chemical disinfection process that is relatively safer and has fewer
negative impacts compared to chlorination. It works of the same principle of
disinfection by oxidation but uses nascent oxygen (a mono-atomic form of oxygen
[O]) produced by the decomposition of ozone, which has a stronger oxidizing
capability than free chlorine. 8
𝑂3 → 𝑂2 + 𝑂
The process is more effective against viruses and spores, has a shorter contact
time for disinfection and contributes to dissolved oxygen. It does not form any
hazardous compounds as in chlorination and reduces the concentration of organic
molecules in the effluent.
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Ozone (O3) is an unstable, blue gas at room temperature and is produced in nature
due to lighting during thunderstorms or in the stratosphere due to UV radiation from
the sun. Ozone is produced on-site due to its unstable nature using O2 from dry
ambient air or liquid oxygen by electrical discharge method.

8

Figure 7 - Production of ozone by electrical discharge method. 8

This process generates 1% to 3% ozone by weight when using air as the O 2 source
and 8% to 12% with liquid oxygen as the source.

The drawbacks of ozonation would be the production of ozone as it utilizes a lot of
energy and is expensive to maintain. Ozone gas is very corrosive and can be toxic
at high concentrations. It lacks the residual effect like in chlorination and oxidizes
organic compounds and dissolved metals leading to unnecessary consumption of
the disinfectant. The effluent also needs to be off-gassed and quenched which is
the removal of gaseous and dissolved ozone respectively. Off-gassing is done to
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prevent the release of ozone to the atmosphere and quenching helps prevent
corrosion of pipes and equipment. Gaseous ozone is removed and decomposed
to pure oxygen which can be reused to make more ozone and quenching uses
hydrogen peroxide [H2O2], sodium bisulphate [NaHSO4] or calcium thiosulphate
[CaS2O3]. 8

6.3.

UV Disinfection vs. Chemical Methods

Chemical disinfection processes like chlorination and ozonation are wellestablished technology when compared to the use of UV for water disinfection but
there are several chemical and environmental benefits when it comes to UV water
disinfection. This is the reason why new facilities are adopting UV treatment as
their primary water treatment methods and older facilities are being retrofitted with
UV treatment equipment to be used in combination with chemical treatment. It does
not require any hazardous chemicals and effectively inactivates Cryptosporidium
and Giardia which are highly resistant to chlorination. It does not form any
hazardous disinfection byproducts and there is no risk of chemical spill or leak.
Does not require any post-treatment like dichlorination, off-gassing or quenching
and no space or energy is utilized for chemical storage or production.

8

But there are a few limitations to the UV disinfection process like the lack of
deodorizing ability and turbidity of the influent which greatly affects the efficiency
of disinfection. Turbid influent could cause scattering and reduce the UV light
penetration. Fouling of the lamp also affects the efficiency and reduces the
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transmittance of UV light. Less transmittance would mean less intensity and a less
effective dose as, 8

𝐷 = 𝐼 𝑎𝑣𝑔 × 𝑡
Where,

D = UV dose (mJ/cm2)
I avg = Average UV intensity (mW/cm2)

t = exposure time (s)

Intensity also decreases as the distance from the light source increase. The
presence of a compound and its concentration in the influent which absorbs
radiation in the 200 to 300 nm will also affect the efficiency as, 8

𝐼
𝑙𝑜𝑔 ( ) = −𝜀𝐶𝑥
𝐼0
𝐼
𝐴 = −𝑙𝑜𝑔 ( ) = 𝜀𝐶𝑥
𝐼0
Where,

A = absorbance of the influent due to the light-absorbing compound
I = light intensity at distance ‘x’ from the lamp (mW/cm2)
I0 = light intensity at the source (mW/cm2)
ε = molar absorptivity of the light absorbing compound (L/mol.cm)
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C = concentration of the light-absorbing compound

x = distance from the lamp (cm)

Although many other technologies exist to produce UV radiation, mercury vapour
lamps are the most used as a source of UV radiation. The lamps in disinfection
systems need to be replaced after some time and disposal of mercury is not easy
as it is very toxic. For the same level of disinfection, the UV dosage required is
higher than the chemical dose required by chlorination and ozonation.

A comparison between the dosage required for chlorination, ozonation and UV
disinfection for 2-log reduction of different types of microbes is included in the table
below,
Table 2 - Different disinfection methods and variation in dosage for different types of microbes.

8

Disinfection process

Dose units

Bacteria

Viruses

Protozoa

Chlorination

mg.min/L

0.4 − 0.6

1–4

60 – 70

Ozonation

mg.min/L

3–4

0.4 – 0.6

0.9 – 1.2

UV irradiation

mJ/cm2

30 − 60

30 − 40

10 – 20

Every process has its advantages and disadvantages, and one system alone is
not effective enough to treat influents with varying concentrations of suspended
and dissolved solids which maybe be organic or inorganic. Modern disinfection
plants are combining various disinfection methods to minimize the negative effects
and make the process less expensive and safer for the environment.
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7.0. UV Reactor Validation
Disinfection systems need to be reliable and ensure effective disinfection of the
influent. An ineffective system will not completely disinfect the influent stream
which can cause health and environmental issues. Ensuring the reliability of a
system requires,
•

Determining the UV dose required for effective removal of the target
microbe/s.

•

Establishing optimal configuration of the UV disinfection system.

•

Validating of the system operating at the optimal configuration.

The method of biodosimetry is used for calculating the UV dose and validating the
system. Bacteriophage MS2 is used as the control species for the testing and its
inactivation with respect to the UV dose is quantified. The test is conducted to
determine the minimum dosage required, called the reduction equivalent dose
(RED) for the desired inactivation of MS2. 8

7.1.

UV Dose Determination

Water samples spiked with a known amount of MS2 are exposed to UV radiation
in a controlled environment using a collimated beam unit. The test is repeated at
different UV doses and the amount of surviving microbes is calculated. The ratio
of the initial amount and the surviving amount is used to calculate the log reduction
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and plotted against the UV dose. This plot is later used to determine RED for the
full-scale UV disinfection system.

Figure 8 - Collimated beam test method and the log inactivation vs. UV dosage plot. 8,15

7.2.

System Configuration

The system configuration is controlled and tested to ensure the system can
produce the required UV dose. Different factors like the turbidity of the influent,
lamp intensity, number of lamps per bank, distance between each lamp in a bank,
number of banks per channel and flow rate affect the UV dose. Each of these
parameters is adjusted for optimal performance and the system is set up to be
validated.
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7.3.

System Validation

The system validation starts by running the influent through the system and
injecting a known concentration of MS2 into it. The spiked water sample goes
through the complete disinfection process and a small sample of the effluent is
collected. The initial and the final concentration are used to calculate the log
reduction and the system is calibrated if the reduction is not at the desired level.
When the desired log reduction is achieved, the collimated beam test plot is used
to determine the UV dose. This UV dose is the RED for the system operating at a
set configuration and is specific to bacteriophage MS2. RED is the actual dose
delivered by the system and accounts for the possible loss of intensity due to
fouling and turbidity of the influent. The theoretical UV dose delivered by the
system is usually higher than RED. The test needs to be repeated with a different
microbe as the control species to determine the RED for that specific microbe.

8

The U.S. EPA guidelines define the lower and upper limits for the biodosimetry
method using bacteriophage MS2. 8

𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡:

− 𝑙𝑜𝑔 (

𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡:

− 𝑙𝑜𝑔 (

𝑁
) = −9.6 × 10−5 (𝐷2 ) + 4.5 × 10−2 (𝐷)
𝑁0

𝑁
) = −1.4 × 10−4 (𝐷2 ) + 7.6 × 10−2 (𝐷)
𝑁0
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Where,

N = concentration of MS2 after disinfection

N0 = concentration of MS2 before disinfection

D = UV dose applied

All the points obtained in the collimated beam test should fall within these bounds
to be for the reactor and the process to be validated and commissioned at a water
treatment facility.
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8.0. Provincial Discharge Limits and Regulations
In Ontario, municipal drinking water systems are regulated by the Safe Drinking
Water Act (2002), which encompasses general requirements for testing, license
conditions, permit approvals, obligations of operating authorities and enforcement
of the regulations. 16 Under this act, the O. Reg. 170/03 for Drinking Water Systems
stipulates the guidelines for treatment equipment, operational checks, chemical
testing parameters and microbiological sampling and testing for large or small,
residential or non-residential, municipal drinking water systems. 17

Monitoring microbial contaminants in water treatment plants is one of the
highest-priority guidelines since all municipal drinking water systems must obtain
approval from the Ministry of the Environment in order to operate. The approval
from the Ministry is subject to the results of the Total Coliforms and E. coli tests
done on the treated water samples. If testing confirms the presence of E. coli and
Total Coliforms, this indicates fecal contamination and would pose as a serious
public health issue. Therefore, as reported in the Canadian Drinking Water Quality
Guidelines, E. coli and Total Coliforms tests must conclude in a Maximum
Acceptable Concentration (MAC) of “Non-detectable per 100 mL” for water leaving
a treatment plant. However, these microbiological tests must be performed in
conjunction with other verification parameters such as testing for enteric protozoa
(like Cryptosporidium and Giardia) or enteric viruses, which requires a minimum of
3 log removal (99.9% removal) and 4 log removal (99.99% removal),
respectively. 11 Additionally, municipal systems perform turbidity tests to verify the
quality of the treated water because suspended particles can shield pathogens
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from disinfection and entrap heavy metals, increasing the risk of ineffective
disinfection. The limits for turbidity are given in Nephelometric Turbidity Units
(NTU) depending on the type of filtration performed prior to disinfection; for
example, the limit for conventional and direct filtration is ≤0.3 NTU, whereas for
membrane filtration is ≤0.1 NTU. 11
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9.0. Conclusion
Potable water is the product of a long multi-step process that involves both physical
and chemical methods to ensure that our drinking water complies with municipal
guidelines and is safe to consume. Municipal water treatment plants have used
conventional disinfection methods for decades, such as chlorination and
ozonation, which provides chemical residue and keeps the water disinfected after
the process. Although chemical residues are beneficial in the water treatment
process, there is a higher risk of overdosing and causing health issues. However,
researchers found that UV light, a physical treatment, can be used in conjunction
to these chemical treatments to avoid high concentrations of harmful chemical
residues, reduce the need of post-treatment processes and achieve a more
efficient disinfection. The combination of these methods is highly effective because
the residues from chlorination inhibit the reactivation of microbes after UV
disinfection and UV inactivates Cryptosporidium and Giardia bacteria which are
resistant to chlorination.

The applications of UV disinfection will continue to increase because it is energyefficient, accessible and flexible technology which has been recently adapted to
very small systems like portable water containers and small chambers for phone
disinfection due to its ease of use and low-maintenance operation.
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APPENDIX 1: Experimental Proposal

Statement of Purpose
The purpose of the experiment is to build a UV disinfection system and disinfect
water samples spiked with a known amount of E. Coli culture. The effectiveness at
different parameters. The effectiveness of the system would be measured by
repeating the process at different flow rates and disinfecting the same sample
multiple times.

The disinfected sample would be tested by plating the sample in TSA plates and
counting the colony-forming units after incubation.

Figure 9 - PFD of the UV system.

39

Equipment List

Chemical List

•

8 L carboy (2)

•

Dried TSA powder

•

1 L Erlenmeyer flasks (4)

•

E. Coli culture

•

Micropipette (1 mL)

•

Super Germiphene disinfectant

•

Peristaltic pumps (2)

•

Hydrogen peroxide (2 L)

•

Masterflex tubing (5 ft)

•

Phosphoric acid (500 mL)

•

PVC tubing (15 ft)

•

Y connector (2)

•

Petri dish (50−60)

•

Incubator

•

Colony Doc-It ™ counter

•

Autoclave

Procedure
1. Attach a piece of PVC tubing at both the ends of the Masterflex tubing. Do the
same with another piece of Masterflex tubing to make a set.

2. Clamp the two Masterflex tubing in the peristaltic pumps and run them to ensure
that the tubing is not fed through.

3. Using RO water, calibrate the peristaltic pump by measuring the volumetric flow
rate for the corresponding number on the pump display.
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4. Assemble the UV disinfection system by inserting the lamp and the quartz
sleeve into the reactor. Attach the outlet from the pumps to the inlet and a piece
of PVC tubing to the outlet of the reactor.

5. Run RO water through the entire system to ensure there are no leaks. Use
Teflon tape to seal any leaking joints.

6. Insert the inlet tubes of the pumps in the beaker with the contaminated sample.
Make sure the outlet from the UV reactor is inserted into another beaker to
collect the disinfected sample.

7. Plug in and turn on the UV lamp and run the sample through the UV disinfection
system at the desired flow rate.

8. After collecting the disinfected sample for testing, flush the system with the
cleaning solution to disinfect the system and remove any microbial residue in
the reactor. Refer to the cleaning and autoclaving protocol for more information.

9. Plate the contaminated and the disinfected sample on different TSA plates and
incubate for 24 hours.
10. Using the Colony Doc-It ™ counter, count the number of bacterial colonies on
both plates. The contaminated plate could be used as a reference to quantify
the amount of disinfection.
11. Repeat steps 6−10 after changing the flow rate or the feed sample and check
the effectiveness of the disinfection process with the new parameters.
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12. Collect the bacterial plates and solutions to be autoclaved and disposed of.

Cleaning and Autoclaving Protocol
A. UV disinfection system cleaning

1. Add 500 mL of Super Germiphene concentrate to 4500 mL of water to make
the rinsing solution. Pump the rinsing solution through the system at a low flow
rate into a waste beaker.

2. Remove the liquid from the system and disassemble the reactor. The
disinfection process might lead to the accumulation of some microbial residue
in the system. Clean the quartz sleeve and the reactor with the rinsing solution
to remove any residue and prevent fouling.

3. Rinse the parts again with RO water. Collect all the rinsing in the waste beaker.
Assemble the reactor again.

4. Add 500 mL of hydrogen peroxide and 50 mL of phosphoric acid to 4450 mL of
water to make the cleaning solution.

5. Pump the cleaning solution through the system at a low flow rate into a waste
beaker. Stop the pump when the solution reaches the outlet. Let the solution
stay in the system for 5 minutes for better disinfection.
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6. Pump the rest of the solution through the system for a final cleaning and
disinfection. Collect all the rinsing in the waste beaker to be autoclaved and
disposed of.

B. Autoclaving and waste disposal

1. Collect all the waste that needs to be autoclaved.

2. Limit the amount of liquid waste per run to minimize the pressure build-up in
the autoclave. Double bag the solid waste in a red biohazard bag and keep
them open for optimal steam penetration.

3. Slide the white, autoclave safe tray into the autoclave chamber and place the
item on top of it to prevent spills and fouling on the inner surface of the
autoclave.

4. Add the autoclave run entry in the logbook and write the run number on the
biological indicator capsule. Place the indicator with the contaminated items
and seal the autoclave.

5. Check the water reservoir and top off the tank with RO water if needed. Select
the appropriate setting and start the autoclave. The autoclave will beep after
the run is over.
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6. Wait for the chamber to depressurize and open it. Stay away from the door
opening as some residual hot steam in the chamber might vent out as the door
is opened.

7. Remove the indicator from the chamber and let it cool. Crush the vial inside the
indicator capsule and place it in the BI tester. The test will take 3 hours.

8. If the test is negative, seal the biohazard bags and place the decontaminated
sticker on top of it. It can be disposed of in the regular garbage. Liquid waste
can be poured down the drain with lots of water. Mark the entry in the logbook
as passed.

9. If the test is positive, mark the entry in the logbook as failed and add another
entry with another biological indicator. Place the old and new indicators in the
chamber and repeat steps 5−8.
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Experimental Outline

Week
1

Tasks planned
Prepare TSA plates.
Assemble UV disinfection unit.
Calibrate peristaltic pump.
Perform a leak test.
Prepare soap solution and disinfectant.

2

Inoculate the bacterial solution.
Sanitize the system by running a soap solution.
Perform the first run of contaminated water at 3 different UV doses.
Plate contaminated and disinfected samples and incubate (8 plates).
Clean and disinfect the system.
Check the effectiveness of the first run after 24 hours of incubation.

3

Perform the second run of contaminated water at 3 different UV doses.
Plate samples (8 plates) and incubate.
Clean and disinfect the system.
Check effectiveness after incubation.
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4

Perform the third run of contaminated water at 3 different UV doses.
Plate samples (8 plates) and incubate.
Clean and disinfect the system.
Check effectiveness after incubation.
Collect and interpret data for each run and its parameters.
Determine the most effective UV dose for the system.

5

Perform 3 successive disinfection runs at the most effective UV dose.
Plate samples (8 plates) and incubate.
Clean and disinfect the system.
Check effectiveness after incubation.

6

Perform 3 successive disinfection runs at the most effective UV dose.
Plate samples (8 plates) and incubate.
Clean and disinfect the system.
Check effectiveness after incubation.
Collect and interpret data for each run and its parameters.

7

Compile data and determine the trends for log reduction.
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Data Collection Purpose
The data collected during each run would be used to,
•

Establish trends and observe how changing the parameters of a run impact the
effectiveness of disinfection.

•

Measure the highest concentration of microbial solution the system can
successfully disinfect and optimal flow rates for a certain level of contamination.

•

Find factors limiting disinfection and the methods to mitigate them.
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Technical Content (70 %)
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